Background-A number of noninvasive techniques have been used to predict the effectiveness of cardiac resynchronization therapy (CRT) in heart failure patients, in particular left ventricular (LV) reverse remodeling. This study compared the relative predictive values of tissue Doppler imaging (TDI) and strain-rate imaging (SRI) parameters for LV reverse remodeling in patients who received CRT and examined for potential differences in ischemic (nϭ22) and nonischemic (nϭ32) heart failure. Methods and Results-TDI and SRI were performed at baseline and 3-month follow-up. Eighteen parameters of intraventricular and interventricular asynchrony based on the time to peak myocardial contraction (Ts) and time to peak strain rate (Tsr) were compared, along with postsystolic shortening (PSS). Reverse remodeling with reduction of LV end-diastolic and end-systolic volumes and gain in ejection fraction (all PϽ0.001) was observed in the whole study population. The standard deviation of Ts of 12 LV segments (Ts-SD) is the most powerful predictor of reverse remodeling in both the ischemic (rϭϪ0.65, PϽ0.001) and nonischemic (rϭϪ0.79, PϽ0.001) groups. The PSS of 12 LV segments was a good predictor only for the nonischemic (rϭϪ0.64, PϽ0.001) but not the ischemic (rϭ0.32, PϭNS) group. However, parameters of SRI and interventricular asynchrony failed to predict reverse remodeling. By multiple regression analysis, independent parameters included Ts-SD in both groups (PϽ0.005) and PSS of 12 LV segments in the nonischemic group (Pϭ0.03). The area of the receiver operating characteristic curve was largest for Ts-SD (0.94; CIϭ0.88 to 1.00). Conclusions-Ts-SD is the most powerful predictor of LV reverse remodeling and was consistently useful for ischemic and nonischemic heart failure. However, PSS is useful only for nonischemic pathogenesis, whereas the role of SRI parameters was not supported by the present study. 
C ardiac resynchronization therapy (CRT) has been recommended for patients with advanced chronic heart failure with prolonged QRS complexes. Clinical data have suggested the beneficial role of CRT on symptoms, functional capacity, and left ventricular (LV) reverse remodeling. [1] [2] [3] [4] In fact, LV reverse remodeling is an objective end point that is thought to contribute to the symptomatic benefits of CRT 5 and may herald improved long-term survival. 6 -8 However, approximately one third of patients do not respond to the therapy clinically or lack reverse remodeling. 2, 5, 9 This might be explained by the fact that direct assessment of systolic asynchrony rather than QRS duration is the key for selecting appropriate patients for CRT and predicting a favorable response. 5, 10 Echocardiography has been the cornerstone for serial assessment of systolic asynchrony, among which tissue Doppler imaging (TDI) has been most widely used. 5,10 -13 The main quantitative parameters derived from TDI measured the difference or variation in time to peak regional contraction between 2 or more LV segments, 4, 5, 12, 13 the presence of postsystolic shortening (PSS), 10 and possibly strain-rate imaging (SRI). Some of these parameters have been suggested to be useful to predict reverse remodeling. 5, 9, 10 In addition, the pattern of systolic asynchrony may be different between ischemic and nonischemic causes of heart failure. 10 This may affect the predictive value of the echocardiographic tool chosen. Therefore, the aims of the study were to compare the relative predictive values of TDI-, PSS-, and SRI-derived parameters on the prediction of LV reverse remodeling and to explore whether there is any difference in such predictive value between ischemic and nonischemic heart failure after CRT.
Methods Patients
Fifty-four heart failure patients (mean age, 65Ϯ11 years; 36 male) who received CRT and were followed up for at least 3 months were analyzed. Inclusion criteria included severe symptomatic heart failure despite optimal pharmacological therapy. Patients were in New York Heart Association (NYHA) class III (nϭ42) or IV (nϭ12) heart failure and had evidence of LV systolic dysfunction with an ejection fraction Ͻ40% and a QRS duration Ͼ120 ms in the form of bundle-branch block or intraventricular conduction delay. The causes of heart failure were ischemic in 22 patients (41%) and nonischemic in 32 (59%). Medications included diuretics in all patients, ACE inhibitors or angiotensin receptor blockers in 97%, ␤-blockers in 76%, spironolactone in 37%, and digoxin in 20%. Serial echocardiography with TDI and SRI was performed before and 3 months after CRT. The study protocol was approved by the Ethics Committee, and written informed consents were obtained from all the patients.
Biventricular Device Implantation
Biventricular devices were implanted as previously described. 1 
Echocardiography
Standard echocardiography, including Doppler studies, was performed (System 5 or Vivid 5, Vingmed-General Electric). The LV volumes and ejection fraction were assessed by biplane Simpson's equation using the apical 4-chamber and 2-chamber views. The intraobserver and interobserver variability for volumetric assessment was 4% and 5%, respectively. Cardiac output, rate of pressure rise in systole (dP/dt), and midsystolic mitral regurgitation were measured as previously described. 4 TDI was performed using apical views for the long-axis motion of the ventricles as previously described. 4, 14, 15 Two-dimensional echocardiography with TDI color imaging views (apical 4-chamber, 2-chamber, and long-axis views) were optimized for pulse repetition frequency, color saturation, sector size, and depth and were allowed the highest possible frame rate. At least 3 consecutive beats were stored, and the images were analyzed offline with the aid of a customized software package (EchoPac 6.3.6, Vingmed-General Electric). Myocardial velocity curves were reconstituted offline using the 6-basal and 6-midsegmental model in the LV as previously described. 4, 5 The peak myocardial velocity during the ejection phase (Sm) and the time to peak Sm (Ts) were measured with reference to QRS complex. 4, 5, 16 The SRI data were processed from the TDI data. 17 During data acquisition, to ensure the best-quality data, the narrowest image sector angle possible was used, with the lowest possible depth, to maintain the highest possible frame rate, typically Ͼ140 frames/s. The angle between the Doppler beam and the wall was keep at Ͻ30°. 19 and SRI 18 had been performed previously. In our laboratory, the intraobserver and interobserver variability for TDI was 3% and 5%, and SRI was 16% and 19%, respectively, after a serial measurement in 120 segments.
Parameters of systolic asynchrony based on TDI or SRI were correlated to the change in LV end-systolic volume.
Parameters for intraventricular asynchrony assessed by TDI include the following.
Standard deviation of Ts of the 12 LV segments (Ts-SD). Maximal difference in Ts between any 2 of 12 LV segments (Ts-12).
Maximal difference in Ts between any 2 of 6 basal LV segments (Ts-6-basal).
Absolute difference in Ts between any medial wall and free wall segments in both basal and mid levels (Ts-med-free).
Absolute difference in Ts between basal medial wall and basal free wall segments (Ts-basal-med-free).
Absolute difference in Ts between the basal septal and basal lateral walls (Ts-sep-lat).
Absolute difference in Ts between the basal septal and basal posterior walls (Ts-sep-post).
For the last 2 parameters, medial wall refers to the septal and anteroseptal wall segments, and the free wall refers to the lateral and posterior wall segments. The parameter that combined the use of TDI and SRI is the number of segments with PSS (or delay longitudinal contraction), ie, a positive velocity occurred after systole that was greater than the systolic peak during ejection phase, which was confirmed by SRI to be an active movement by the presence of a negative peak strain rate. Two parameters were derived: number of segments with PSS among the 6 basal and 6 mid LV segments (PSS-12) and number of segments with PSS among the 6 basal segments (PSS-6-basal).
In SRI, the time to peak systolic strain rate was assessed (Tsr). On this basis, parameters similar to that of TDI were assessed for intraventricular synchronicity. They included the following.
Standard deviation of Tsr of the 12 LV segments (Tsr-SD). Maximal difference in Ts between any 2 of 6 basal and 6 mid LV segments (Tsr-12).
Maximal difference in Tsr between any 2 of 6 basal LV segments (Tsr-6-basal).
Absolute difference in Tsr between any medial wall and free wall segments (Tsr-med-free).
Absolute difference in Tsr between basal medial wall and basal free wall segments (Tsr-basal-med-free).
Absolute difference in Tsr between the basal septal and basal lateral walls (Tsr-sep-lat).
Absolute difference in Tsr between the basal septal and basal posterior walls (Tsr-sep-post).
For interventricular asynchrony, parameters measured included the following.
Absolute difference in Ts between the basal septal and basal right ventricular free wall (Ts-IVD).
Absolute difference in Tsr between the basal septal and basal right ventricular free wall (Tsr-IVD).
Statistics
For the comparison of parametric variables before and after CRT, paired-sample t test was used. The comparison of clinical and echocardiographic parameters between ischemic and nonischemic groups was performed by unpaired t test or Pearson 2 test where appropriate. Correlation analysis was used to compare the relationship between parameters of systolic asynchrony and the change of LV end-systolic volume after pacing in a univariate model, followed by multivariate analysis in a stepwise multiple regression model. Receiver operating characteristics (ROC) were analyzed for TDI and PSS parameters. All data were expressed as meanϮSD. A probability value of PϽ0.05 was considered statistically significant.
Results

LV Reverse Remodeling and Cardiac Function
At the end of 3 months, reverse remodeling was achieved, with significant reduction of LV end-diastolic (193Ϯ81  versus 164Ϯ79 Successful LV reverse remodeling was defined as a reduction of LV end-systolic volume (⌬LVVs) of Ͼ15%, 5,9,20 which was observed in 31 patients (57%) after CRT for 3 months. The others were regarded as nonresponders who had 
Comparison of TDI, PSS, and SRI Parameters on the Prediction of Reverse Remodeling
As shown in Table 2 , all the TDI parameters significantly predicted LV reverse remodeling. Among them, Ts-SD had the strongest predictive value (rϭϪ0.74, PϽ0.001). A good correlation was also observed when the 6 basal LV segments or all the LV segments (both rϭϪ0.60, PϽ0.001) were included into the model (Figure 1 ). The predictive values by other TDI parameters were significant but lower. The PSS and SRI parameters were unable to predict reverse remodeling ( Figure 1 ). The parameters of interventricular asynchrony also failed to predict reverse remodeling. Furthermore, only responders of reverse remodeling showed significant improvement of most TDI parameters, which was worsening in the nonresponders. On stepwise multivariate regression analysis in which the significant parameters were entered into the statistical model, Ts-SD remained the only independent predictor of reverse remodeling response (␤ϭϪ1.38; CI, Ϫ1.79 to Ϫ0.97). Other TDI parameters, including PSS and QRS duration, were unable to predict reverse remodeling. The ROC for parameters with significant correlation with reverse remodeling in the univariate model are shown in Table 2 . The area under the curve was largest for Ts-SD (0.94, PϽ0.001) and was significant for all the other TDI parameters (Figure 2 ). On the basis of the data on the ROC curve, we concluded that a Ts-SD value of 31.4 ms has a sensitivity of 96% and a specificity of 78% to predict significant reverse remodeling.
Predictive Values of TDI, PSS, and SRI for Reverse Remodeling in Ischemic and Nonischemic Heart Failure
The baseline clinical and echocardiographic features were similar between ischemic and nonischemic groups ( Table 3) . The degree of prepacing systolic asynchrony, as shown by Ts-SD and PSS-12, was similar between the 2 groups. Three months after CRT, the reduction of LV volume and gain in ejection fraction were also comparable between the 2 groups. In the ischemic group, 13 of 22 patients (59%) had significant reverse remodeling, and this proportion was comparable to the nonischemic group (18 of 32 patients [56%]; 2 ϭ0.28, PϭNS).
In the ischemic group, the predictive values of TDI parameters were in general lower than in patients with nonischemic pathogenesis (Table 2 and Figures 1 and 3) . In ischemic patients, the best predictor was Ts-SD (rϭϪ0.65, Pϭ0.001). However, this was decreased precipitously for other TDI parameters, especially Ts-12 and Ts-6-basal (rϭϪ0.46 to Ϫ0.43). The parameters by PSS, SRI, and interventricular delay were unable to predict reverse remodeling. In the stepwise multivariate analysis model, Ts-SD was the only independent predictor of reverse remodeling (␤ϭϪ1.37; CI, Ϫ2.22 to Ϫ0.53; Pϭ0.003).
In the nonischemic group, there were 3 TDI parameters that correlated closely with reverse remodeling: Ts-SD was an excellent predictor (rϭϪ0.79, PϽ0.001), followed by Ts-12 (rϭϪ0.72, PϽ0.001) and Ts-6-basal (rϭϪ0.69, PϽ0.001). Interestingly, PSS-12 and PSS-6-basal in the nonischemic group is a reasonably reliable predictor of reverse remodeling (rϭϪ0.64 to 0.66, both PϽ0.001). None of the parameters of SRI or interventricular delay predicted reverse remodeling. By stepwise multivariate analysis model, the 2 independent predictors of reverse remodeling were Ts-SD (␤ϭϪ1.09; CI, Ϫ1.59 to Ϫ0.59; PϽ0.001) and PSS-12 (␤ϭϪ2.90; CI, Ϫ5.43 to Ϫ0.38; Pϭ0.03).
Discussion
TDI, PSS, SRI, and Reverse Remodeling
LV reverse remodeling after CRT illustrates the improvement of systolic function and reduction of LV volume that reflects less adverse wall stress. It is probably a combination of improvement in intraventricular synchronicity, 4 hemodynamics, 20,21 atrioventricular synchronicity, 22 interventricular synchronicity, 4, 6 and mitral regurgitation. 4, 6 Reverse remodeling response was consistently observed, 5, 6, 9, 20 which was thought to contribute to the beneficial effect on symptoms and may herald the improvement of long-term survival. 6 -8 Clinical and volumetric nonresponders to CRT are consistently observed in approximately one third of patients. 2, 5, 9 Recent efforts were envisaged to search for echocardiographic predictors of response, in which TDI plays a vital role. 4,10 -12 An early study observed that Ts-SD, the systolic asynchrony index, was a powerful predictor of LV reverse remodeling and was able to identify responders. 5 Studies also observed that volumetric responders were associated with clinical improvements. 5, 11 The technique of TDI was also combined with SRI to search for PSS, or delayed longitudinal contraction. 10, 23 The presence of PSS in the basal LV segments was found to correlate with the gain in ejection fraction in 25 patients receiving CRT. 10 In that study, ejection fraction (but not volumetric data) was used as an indicator of reverse remodeling. 10 The septoposterior wall by M-mode measurement was observed to predict reverse remodeling in 20 patients, of whom the majority (nϭ16) had a nonischemic pathogenesis. 9 Very recently, the assessment of strain has also been suggested to be useful to assess mechanical events in the ventricle. 24 The present study is the largest prospective study that used TDI, PSS, and SRI to assess cardiac intraventricular and interventricular asynchrony for patients receiving CRT and in a balanced number of patients with ischemic and nonischemic causes. The results demonstrated that TDI parameters closely predict LV reverse remodeling and that Ts-SD (the "asynchrony index") is the single best predictor. This parameter encompasses information of all the 12 LV segments and reflects systolic asynchrony even if the pattern is more heterogeneous. Furthermore, the more segments analyzed, the higher the predictive value.
In this study, PSS is a very weak predictor of reverse remodeling. The PSS actually described a contractile response observed during early diastole after closure of the aortic valve. 23 Therefore, it is a semiquantitative and indirect marker of systolic asynchrony. Furthermore, occurrence of PSS has been described in normal subjects who had no evidence of cardiac disease. 23 Also, none of the SRI parameters predict reverse remodeling. Tsr reflects the time to peak regional deformation by contractile force and theoretically will be affected by asynchronous contraction but not affected by translational movement. However, such benefit may be offset by the relatively large interobserver and intraobserver variability (at least Ͼ16%). 24 
Role of TDI, PSS, and SRI in Ischemic and Nonischemic Heart Failure
In this study, the asynchrony index, Ts-SD, is the strongest independent predictor of LV reverse remodeling for both groups. Interestingly, the predictive values of all the TDI parameters were consistently higher in the nonischemic than the ischemic group. The discrepancy of predictive values with different causes of heart failure may be related to the more heterogeneous pattern of systolic asynchrony in patients with an ischemic pathogenesis. 10 Unlike patients with nonischemic pathogenesis of heart failure, in whom there is a dominant pattern of relative mechanical delay between the septal and free wall regions, systolic asynchrony in ischemic cardiomyopathy may occur in any region of the LV, depending on the vascular territory of ischemia or infarction. 25 As a result, placement of the LV lead in the lateral or posterolateral vein of the coronary sinus in these patients may not be optimal if delay is not at the free wall region. Another interesting observation is that the predictive value of PSS was good only for the nonischemic group. In the ischemic group, PSS may not be a marker of systolic asynchrony but may represent myocardial ischemia 18 or viability. 26 In these situations, CRT may not have altered the occurrence of PSS. We suggest that evaluation of systolic asynchrony by PSS also needs to consider the pathogenesis of heart failure.
Limitations of the Study
The study was conducted by relatively dated echocardiographic instruments that were acquired a few years ago. Although the current state-of-the-art machine may not significantly enhance the image quality of TDI, the better hardware and software equipment may improve the signalto-noise ratio of SRI and its predictive value. Mitral regurgitation was assessed only by the change in jet area relative to left atrial area. The use of more complex methods, such as the proximal isovelocity surface area method, is preferable for accurate quantitative assessment of its severity.
Conclusions
As an important and objective marker of response to CRT, LV reverse remodeling occurs only in the majority of patients, not in all, after CRT. Direct assessment of systolic and SRI (C, D, G, H) in a patient who received CRT. Before CRT, peak myocardial contraction of basal septal segment (A) is 102 ms earlier than basal lateral segment (B) by TDI (arrowheads). In SRI, there is a 38-ms lateral wall delay in peak strain rate in corresponding segments (C and D). After CRT, TDI shows nearly exact timing of peak myocardial contraction in these 2 segments (E and F). However, SRI illustrates that basal lateral segment remains delayed over septal segment by 48 ms (G and H) (paired figures are produced in same time scale).
